Introduction {#s001}
============

N[octurnal hypoglycemia]{.smallcaps} (NH) is a major limiting factor in attaining near-normal glycemic control in patients with type 1 diabetes and is emotionally burdensome for patients and caregivers alike.^[@B1]^ In adults, as well as in children, the majority of severe hypoglycemic events occur during the nighttime,^[@B2]^ in part because of attenuation of the normal counterregulatory response observed during sleep,^[@B3]^ specifically during the deeper sleep phases.^[@B4]^ Recent analyses have shown that NH events are often of long duration and that low glucose levels can persist for more than 2 h prior to the occurrence of NH-induced seizures.^[@B5]^ Although nutritional strategies for NH prevention are routinely suggested in clinical practice, there is no evidence-based recommendation for their utility or for the optimal composition of a bedtime snack.^[@B6]^

One strategy to mitigate hypoglycemia in users of sensor-augmented pump therapy is to stop insulin delivery at a predetermined sensor glucose (SG) level; the strategy is implemented as Threshold Suspend (TS) in the United States as part of the 530G system and as Low Glucose Suspend elsewhere as part of the Veo™ system (both from Medtronic plc, Northridge, CA). The strategy has been shown to reduce the duration and severity of hypoglycemic events without compromising glycemic control in an inpatient setting of exercise-induced hypoglycemia,^[@B7]^ in several outpatient studies,^[@B8]^ and in a retrospective analysis of anonymized data uploaded by patients as part of their routine care.^[@B12]^ Even in the context of elevated blood glucose levels at the time of suspension, 2-h pump suspensions appear safe and do not lead to clinically significant ketonemia.^[@B13]^

We wished to establish the extent of NH reduction associated with use of the TS feature in subjects who were stratified according to baseline hemoglobin A1c (A1C) and changes in A1C (ΔA1C) during the ASPIRE (Automation to Simulate Pancreatic Insulin REsponse) In-Home study.^[@B8]^ A preliminary report of these results was presented in part at the 74^th^ Scientific Sessions of the American Diabetes Association, held June 13--17, 2014.^[@B14]^

Research Design and Methods {#s002}
===========================

The ASPIRE In-Home study was a multicenter, randomized, parallel study of NH-prone subjects with type 1 diabetes.^[@B15]^ The Control Group used sensor-augmented pump therapy, whereas the TS Group used sensor-augmented pump therapy with the addition of the TS feature. For the study, an episode of NH was defined as a sequence of SG values ≤65 mg/dL lasting \>20 min and starting between 10:00 p.m. and 8:00 a.m. To qualify for the study, volunteers had to have demonstrated at least two episodes of NH in a 2-week run-in phase. The 3-month randomized study phase was designed to provide data for between-group comparisons with respect to ΔA1C and the mean area under the curve (AUC) of NH events. The main results of ASPIRE In-Home included a 37.5% reduction in the mean AUC of NH events and a 31.8% reduction in the weekly rate of NH events for subjects in the TS Group compared with the Control Group, with no apparent loss in overall glycemic control determined by ΔA1C.^[@B8]^

In this secondary analysis of ASPIRE In-Home data, NH events were analyzed according to each subject\'s baseline A1C value (\<7%, 7--8%, and \>8%) and to each subject\'s ΔA1C value (less than −0.3% \[decreased\], −0.3% to 0.3% \[stable\], and \>0.3% \[increased\]). Only data from the 240 subjects who provided both baseline and end-of-study A1C values were used; data from the seven subjects who withdrew early (five from the TS Group and two from the Control Group) were not used.

Statistical analysis {#s003}
--------------------

Secondary outcomes based on NH events were compared between groups, categorized by baseline A1C and ΔA1C. Event-based variables such as NH event AUC, AUC per night, nadir SG value, and duration were compared using a mixed effects model with random intercept to incorporate within-subject correlations among events. For subject-based variables, such as weekly event rate, mean SG values, mean SD values, and mean coefficients of variation (defined as the SD divided by the mean of a set of values) of SG values, the subject means on each variable were first calculated for each subject, and then a two-sample *t* test was performed on the subject means data. Analyses were conducted with SAS software (version 9.3; SAS Institute, Cary, NC). All reported *P* values are two-sided; *P*\<0.05 was considered to indicate statistical significance for comparisons between groups.

Results {#s004}
-------

Of the 2,025 NH events in the TS Group, 564 (27.9%) were accompanied by a confirmatory blood glucose value, and of the 3,002 NH events in the Control Group, 1,179 (39.3%) were accompanied by a confirmatory blood glucose value. In addition, the NH events were verified for 41.1% (232 of 564) in the TS Group and 48.6% (573 of 1,179) in the Control Group.

Effects of TS in relation to baseline A1C {#s005}
-----------------------------------------

[Table 1](#T1){ref-type="table"} shows that there was a significant inverse relationship between baseline A1C and NH rates in both the TS Group (*P*=0.005) and the Control Group (*P*\<0.001), with the highest rate among subjects assigned to the Control Group who had baseline A1C values of \<7% (2.7 per subject-week) and the lowest rate among subjects assigned to the TS Group who had baseline A1C values of \>8% (1.1 per subject-week). The rate was significantly lower in the TS Group than in the Control Group for subjects with baseline A1C values of \<7% (*P*=0.001) or 7--8% (*P*=0.004). The differences in rate were consistent throughout the study, as shown in [Supplementary Figure S1](#SD1){ref-type="supplementary-material"} (Supplementary Data are available online at [www.liebertonline.com/dia](www.liebertonline.com/dia)). Regardless of baseline A1C, NH events experienced by subjects in the TS Group had significantly lower AUCs and shorter durations than those experienced by subjects in the Control Group ([Table 1](#T1){ref-type="table"}). There was no difference between mean SG and SD between the groups. The distribution of AUC values for hypoglycemic events is given in [Supplementary Figure S2](#SD2){ref-type="supplementary-material"}.

###### 

[Nocturnal Hypoglycemia Characteristics in the Threshold Suspend and Control Arms, by Baseline Hemoglobin A1c]{.smallcaps}

                                           *Baseline A1C \<7%*   *Baseline A1C 7--8%*   *Baseline A1C \>8%*                                                                       
  ---------------------------------------- --------------------- ---------------------- --------------------- ------------- --------------- --------- ------------- ------------- ---------
  NH event nadir (mg/dL)                   49.7±8.5              46.8±9.6               \<0.001               49.9±8.2      48.1±9.6        0.007     49.5±8.6      46.5±10.1     0.06
  NH event duration (min)                  91.1±71.7             125.5±112.1            \<0.001               82.0±57.2     111.7±99.5      \<0.001   76.2±54.1     114.8±87.6    \<0.001
  NH event rate (per week)                 1.9±1.1               2.7±1.3                0.001                 1.4±0.9       1.9±1.0         0.004     1.1±0.5       1.3±1.2       0.6
  AUC of NH events (mg×min/dL)             1,056±1,339           1,682±2,074            \<0.001               931±1,094     1,422±1,917     \<0.001   890±1,066     1,513±1,716   \<0.001
  AUC of NH events per night (mg×min/dL)   283.0±864.2           652.4±1,611.5          \<0.001               187.1±630.8   395.0±1,245.1   \<0.001   137.0±551.8   267.2±981.0   0.1
  Mean SG (mg/dL)                          142.2±14.6            138.6±16.6             0.3                   160.7±14.8    156.7±14.4      0.1       175.8±16.5    180.9±23.8    0.5
  Mean SD (mg/dL)                          56.9±10.1             58.6±9.2               0.4                   64.9±10.7     65.9±8.2        0.6       68.8±7.7      75.0±13.9     0.1
  Mean CV                                  0.40±0.05             0.42±0.05              0.01                  0.40±0.04     0.42±0.04       0.02      0.39±0.03     0.42±0.05     0.1

Data are mean±SD values.

A1C, hemoglobin A1c; AUC, area under the curve; CV, coefficient of variation; *N*, number of subjects; *n*, number of events; NH, nocturnal hypoglycemia; SG, sensor glucose; TS, Threshold Suspend.

Effects of TS in relation to ΔA1C {#s006}
---------------------------------

[Table 2](#T2){ref-type="table"} shows that the between-group differences for AUC were statistically significant in all of the ΔA1C categories (*P*\<0.001 for each). The percentage difference was largest for subjects with A1C values that increased over the course of the study, in which the mean AUC was 46.3% lower for subjects in the TS Group compared with subjects in the Control Group. The between-group differences in NH rate were significant for subjects with A1C values that decreased or were stable over the course of the study; for those with a decrease in A1C, the mean rate was 37.5% lower for subjects in the TS Group compared with subjects in the Control Group (1.5 vs. 2.4 events per subject-week, respectively; *P*\<0.001). In the Control Group, subjects with stable A1C values experienced NH events at a rate that was lower than Control Group subjects with decreased A1C values and higher than Control Group subjects with increased A1C values. In the TS Group, the NH rate averaged 1.5 per subject-week, regardless of ΔA1C category. The mean NH event duration was significantly shorter for subjects in the TS Group than for subjects in the Control Group, regardless of ΔA1C category (*P*\<0.001 for each between-group comparison), as was the nadir SG. Among subjects with decreased or stable A1C values, glycemic variability (measured as coefficient of variation) was significantly lower among subjects in the TS Group than among subjects in the Control Group, although mean SG and SD were not different.

###### 

[Nocturnal Hypoglycemia Characteristics in the Threshold Suspend and Control Arms, by Changes in Hemoglobin A1c]{.smallcaps}

                                           *Decreased ΔA1C\<--0.3%*   *Stable (−0.3%≤ΔA1C≤0.3%)*   *Increased (ΔA1C\>0.3%)*                                                                         
  ---------------------------------------- -------------------------- ---------------------------- -------------------------- ------------- --------------- --------- ------------- --------------- ---------
  NH event nadir (mg/dL)                   50.0±8.2                   46.5±10.0                    0.001                      50.0±8.6      47.7±9.6        \<0.001   50.0±8.1      47.1±8.7        \<0.001
  NH event duration (min)                  80.2±55.6                  117.1±103.4                  \<0.001                    89.4±68.2     118.9±106.5     \<0.001   80.5±59.2     128.1±110.0     \<0.001
  NH event rate (per week)                 1.5±0.8                    2.4±1.1                      \<0.001                    1.5±1.1       2.1±1.3         0.001     1.5±0.9       1.6±1.4         0.8
  AUC of NH events (mg×min/dL)             876±1,007                  1,575±2,039                  \<0.001                    1,053±1,293   1,549±1,986     \<0.001   904±1,141     1,683±1,966     \<0.001
  AUC of NH events per night (mg×min/dL)   184.3±606.8                570.0±1518.1                 \<0.001                    233.4±771.8   491.0±1,392.0   \<0.001   198.1±667.9   405.4±1,270.4   0.02
  Mean SG (mg/dL)                          160.3±20.0                 152.7±19.0                   0.2                        152.1±18.8    148.9±20.1      0.3       162.1±15.1    161.9±27.9      0.97
  Mean SD (mg/dL)                          64.3±9.9                   66.9±10.1                    0.4                        61.0±11.6     62.0±10.0       0.6       65.0±10.0     66.9±13.6       0.6
  Mean CV                                  0.40±0.03                  0.44±0.05                    0.001                      0.40±0.05     0.42±0.04       0.02      0.40±0.04     0.42±0.05       0.3

Data are mean±SD values.

ΔA1C, changes in hemoglobin A1c; AUC, area under the curve; CV, coefficient of variation; *N*, number of subjects; *n*, number of events; NH, nocturnal hypoglycemia; SG, sensor glucose; TS, Threshold Suspend.

Effects of TS in relation to both baseline A1c and ΔA1C {#s007}
-------------------------------------------------------

[Figure 1](#f1){ref-type="fig"} shows NH event rates and AUCs among subjects stratified by both baseline and ΔA1C values. Reductions in NH event rate attributable to TS Group assignment were seen for subjects with baseline A1C of \<7% who maintained stable A1C values and for subjects with baseline A1C of 7--8% whose A1C values decreased during the study. For subjects with baseline A1C of \<7% or with baseline A1C of 7--8%, significant reductions in the AUC of NH events were seen among subjects assigned to the TS Group, regardless of ΔA1C category.

![**(Left panels)** Nocturnal hypoglycemia (NH) event rate and **(right panels)** area under the curve (AUC) of NH events for subjects stratified according to baseline hemoglobin A1c (A1C) (\<7%, 7--8%, or \>8% in the **top**, **middle**, and **bottom panels**, respectively), changes in A1C (ΔA1C) category (decreased, stable, or increased in the left, middle, and right pairs of columns in each panel), and treatment group assignment (Threshold Suspend \[TS\] \[gray columns\] or Control \[black columns\]). The number of subjects is shown in each column. \**P*\<0.05, \*\**P*\<0.005 for between-treatment group comparisons.](fig-1){#f1}

Discussion {#s008}
==========

The TS feature was designed to reduce the severity and duration of hypoglycemia by suspending insulin delivery upon detection of a predefined low SG value. In the ASPIRE In-Home study, the initial threshold for suspension of insulin was set to 70 mg/dL, and this value was maintained for 97.6% of the subject-hours of the study. Evidence from earlier observational^[@B7],[@B9],[@B10]^ and randomized controlled^[@B8],[@B11]^ studies suggested that the TS feature significantly reduces the rate and severity of hypoglycemia as measured by SG values.

The Control Group appears to have a higher patient reaction rate to NH events. It is likely that the event rate in the TS Group was inflated more than in the Control Group, yet it was observed that the event rate in the TS Group was lower than that in the Control Group.

NH remains a critical barrier that limits treatment intensification in type 1 diabetes mellitus.^[@B16]^ Many patients with type 1 diabetes mellitus experience NH frequently, with many events lasting longer than 120 min.^[@B17]^ The ASPIRE In-Home Study showed that use of the TS feature reduced the mean and median duration of NH events by 39.4 and 11.9 min, respectively,^[@B8]^ to values that are less than the reported time typically associated with the development of seizures.^[@B5]^ These effects were mostly independent of the degree of metabolic control such as baseline A1C or ΔA1C from study beginning to end. In addition, no subjects in the TS Group had severe hypoglycemia, whereas four subjects in the Control Group had severe hypoglycemia during the 3-month study time period.^[@B8]^

The effect of the regular use of the TS feature in subjects who lowered their A1C values during the course of the study is of interest, given the association between lower A1C values and higher rates of hypoglycemia.^[@B18]^ Sensor-augmented pumps have been shown to allow A1C reduction without a significant effect on hypoglycemia rates.^[@B19]^ Despite the fact that the aim of the ASPIRE In-Home study was to test safety and not to reduce A1C, there was a subgroup of patients who did, and many patients with initially low A1C values (\<7%) were able to sustain this value throughout the study. Subjects who maintain or achieve excellent glycemic control can benefit through routine use of the TS feature.

The study had several limitations. First, SG values were used for all analyses without validation by a reference method. Second, because blood glucose values were not obtained during many of the NH events and because the timing and extent of carbohydrate intake were often not recorded, our ability to determine sensor accuracy around the time of NH events is limited. However, sensor accuracy is unlikely to depend on treatment group assignment and unlikely to have biased our conclusions. Third, the generalizability of the study results may be limited because only hypoglycemia-prone subjects were enrolled. The results may not be generalizable to sensors with different performance characteristics, and the reported rates of hypoglycemia are likely to be inflated (in both groups). Finally, the 3-month duration of the study may have been insufficient to demonstrate long-term benefits of the TS feature.

This analysis demonstrates the protective effects of the TS feature above and beyond NH prevention. NH occurred at lower rates among subjects in the TS Group throughout the study. When NH events did occur in the TS Group, they tended to be shorter and characterized by higher nadir SG values than events in the Control Group. Additional strategies will probably be needed to reduce the severity and rate of NH even further. This modality is the first automated insulin delivery module in practice and may pave the way for the ultimate goal---the closed-loop artificial pancreas.^[@B20]^

The current analysis of ASPIRE In-Home data showed that overall rates, durations, and severities of NH events were lower among subjects who regularly used the TS feature than among those who did not. The benefits were mostly independent of baseline A1C levels and ΔA1C levels. In addition, this analysis showed that for those with an baseline A1C level of \<7% who maintained glucose control and for those with a baseline A1C level of 7--8% who reduced their A1C during the 3-month study period, the TS feature allowed improving metabolic control safely by reducing rates of NH and AUC of hypoglycemic events.

Supplementary Material
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